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Healing of Lithographically
Introduced Flaws in Glass
and Glass Containing Ceramics

by.
Harold D. Ackler -
Abstract

The morphological evolution of cylindrical pores or "channels" and crack-like
‘cavities in glass and glass_—containing ceramics at elevated 'temperaturcs was studied. The
systems studied were: Coming 7056 alkali borosilicate glaﬁs, soda-lime glass
(microscope sli_des), a commercially available 96% Al,0O, with =5-10% intergranular
. glass, 96% A1‘203 bonded to sapphire, and a model sapphire/glass/sapphirc system
fabricated by diffusion bonding etched and unetched pieces of sapphire onto which -
30-50 nm of SiOzl had been sputter deposited. These systems span a broad range of glass
‘contents, and permit observation of healing behavior with varying glass content. The
re;ults were compared with analytical models and results of similar studies in completely

crystalline systems.



1 Introduction
1.1 Background
The past century has seen numerous analytic treatments and experimental

investigations of the morphological evolution of bodies of matter or voids therein
bounded by cylindrical surfaces [1-14].A More recently, similar efforts have been o

| directed toward the morphological evolution of features with piate-lﬂce geometry such
as cracks [15-40] or thin, flat inclusions inside a material [41-43]. The‘.interest in
such phenomena has been multifacetted. The earlier studies of the stability. of fluid -
jets or cylindrical voids in a fluid were primarily related to observations on the
spherqidizaﬁon or breakup of jets or streams of fluids like water or of long, thin voids
in very viscous materials. The more recent intcfcst regards the observed behavior of
cracks, cylinder-like voids, thin-plate shaped inclusidns, and cylinder or rod-shaped
particles and inclusions during heat treatments for more pr»act;icél purposes
[4-21',23543]. Mass transport at elevated temperatures driven by the reduction of
surface energy results in not only a ch@ge in the geometry of the feature but may also
reduce its volume if it is a void. Many studies [15-21,23,26-33,36,39,40] have shown
that cracked ceramics can recover strength partially or even fuliy depending on the
system and heat treatment. Other ‘studiés [5,6,10,12,24,27,33,34,37 ,38] have explored |
the similarity of cylinder or channel breakup and crack healing with various stages of

- sintexing.I The driving forces, mechanisms of mass transport, and geometries are the
same in these situations. The geometry of craék healing resembles that of initial stage
sintering when the neck between two particles is still very small. The geometry of

- channel breakup resembles that of intermediate stage sintering when continuous

channels are found between particles. Channel breakup is also useful in that it is
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observed as the final stage of crack healing, after the edge of a c;'rack has receded and
- pinched off a tubular bulge along the crack edge leaving a channel. Thus, studyihg |
thé evolution of cyiindrical \?oids or cracks may be used to study the phenomena
occurring during sintering.

\ If the geofnetry of the cylinders and éracks‘ can be strictly controlled, the
extraction of 'thermodynamié and kinetic parameters is greatly imprdved, as shown by
Rodel [15] and Rbdel and Glaeser [34,37,38]. thn the initial geometry of a crack or
channel is precisely controlled, any morphological changes during heat treatment can
be easily Quantiﬁed. This also provides a means of determining the surface curvatures
‘wh‘ich act as the dﬁving forces for mass transport. In addition, detailéd analysis of
the evolution of flaw geometries, especially with respect to the scale of the most
signiﬁ;:ant' mass redist:ibution, may reveal which of competing transport mechanisms.
is dominant [44]. Hence, with detailed knowledge of the surface géometry (driving
force) and its rate of evolution (velocity), reasonably accurate atomic diffusivities can
be calchlated, pﬁrﬁarily for the dominant mechanism. Obviously, ihe effects of
impurities or dopants on mass transport will be easily determined by comparison With
behavior in undoped materials. This may shov'v'how particular dopants affect
particular transport mechanisms. |
1.2 Motivation

The majority of the studies on the evolution of cracks or cylindrical voids in
materials have been performed wi& crystalline materials [5-21,23-35,37-40]. In
modelling the evolution of cracks or cylindrical voids surface energy isotropy is
generally assumed [1-5,8,10-14]. This assumption greatly simpliﬁc;s the

mathematical treatment of the problem, however it does so at the expense of some



accui'acy and true physical understanding since the surfac;e energy of crystalline
materials is aniso&o;;ic. For amorphous materials, however, this assumption is
accurate as these materials are completely isotropic above the molecular scale. With
this in mind, it seemed an appropriate means for comparing aspects of these models
with experimental behavior would be the study of cracks and cylindrical pores in an
amorphous material such as glass. Such a study would also provide a basis for
assessing the effects of intergranular glassy phases on defect evolution in glass
bonded ceramics.
1.3 Systems Studied and Objectives
This work studies the morphological evolution during heat treatment of

cylindrical pores, hereafter referred to as "channels”, and crack-like cavities,
hereafter referred to as "cracks", in glass and glass-contéining ceramic systems. A
means of sample preparaﬁon using photolithographic techniques, ion beﬁn etching,
and diffusion bonding developed by Rodel and Glaeser [34] was used to produce
internal channels and cracks of precisely controlled geometry. The systems chosen
were Corning 7056 alkali borbsilicate glass, a soda-lime glass, Coors 96% AlLO,
electronic substrate material, Coors 96% Al O, bonded to sapphire, and a thin sputter

deposited layer (about 30-50nm) of SiO, between two pieces of sapphire. These
| systems allow study of materials with an extremely broad range of glass contents.
. The 7056 and soda-lime gllasses define the 100% glass limit. The "96%" AL, O, has a
glass content in the 5-10 vol% fange._ Typical aluminas have a grain size of
20-30 urﬁ, and thus the 50 nm glass layer in the present SiO,/sapphire system
simulates a polycrystalline méterial with =0.4% glass. The crack healing behavior

exhibited by these systems are compared to one another and to that observed in



crystalline systems [15,45].



2 Theoretical Background

Thod gh the underlying physical processes of craék hcaliqg and channel or rod
spheroidization are the same, the development of mathematical models for these
processes are somewhat different and far more developed for the latter. As channel
spheroidization can be considered as the llater stages of crack healing, they will be
discussed separately with crack healing treated first. |

2.1 Initial Stage Crack Healing |
2.1.1 Crack hedling in crystalline systems
Studies in crystalline materials, summarized in a review paper by Gupta

[33], discuss the capillarity driven healing of cracks. The initial stages involve
either i‘égression and bulging of the crack tip or pinching acréss the crack faces
[33]. When the crack tip regresses, it results in the formation of cylindrical bulges

- parallel to the crack edge which may pinch off leaving tubular voids. When it -
pinches, the opposite faces of the crack come into contact in the interior of the
crack. The portions of the crack that remain will continue to evolve in the same

- ways. |

"' The mass redistribution at a crack tip is very similar to interparticle neck
formation during initial stage sintering. When surface or volume diffusion are the
‘dominant mechanisms of mass transport, calculations have shown that
"imdercutting" results at the neck joining particles [46], see Figure 1. Thisv
undercutting is produced by the distance dependence of these mass transport

h mechanisms which are capable of producing rapid mass transport over short
distances, surface diffusion typically being dominant for very short distances [44].

The very small radius at A in Figure 1 results in a very large curvature at the heck,



hence a large local dﬁving forcé, Vu, to reduce the curvature. This is
accomplished most expeditiously by short range diffusion to fill in the neck by
removing material from the region just outside the neck, resulting in undercutting. :
This same phenomena is responSible for the formation of tubular bulges at crack
t1ps during the initial stage of crack healing.

As noted earlier, the amsotropy in surface energy in crystalhne materials can
complicate matters. Since the product of surface energy and curvature prowdes
the driving force for mass transport, the morphological evolution of cracks will
most certainly be influenced to some degree by the anisotrOpy in surface energy.
_Anisotropy in surface energy may be manifesicd by morphological changes that do
not reduce the surface area. These changes typically result in the formation of
facets on curved or even flat surfaces. Another possible result is the rotation of an -
entire flat surface. The motivation for such phenomena was described by Herring
[47]. The conclusions of these arguments indicate that when the surface energyy
- of a material is dépende'nt on the surface orienfation n(6), where 6 is the angle
betwecn';the surface normal n and some referehce axis, then the surfé.ce may
experienc':e a torque tending to rotate its orientation to one of lower surface energy.
- Inother words, a surface of energy y(6) will behave like a membrane with vstrain
| (or stretcil) e_nérgy ywith a tbrque ay/ée per unit area superimposed. If thc surface
orientation happens to be at a sharp minimum in ¥(6), or a ‘cusp, then this
~ orientation will be stable with respect to any applied torque trying to rotate its
| orientation, provided the torque is smaller than that represented by dy/00 in the
-cusp. As stated above, the result of these phenomena may be observed by tile

facetting of a curved surface or flat surface of an orientation noncoincident witha -



low energy one, or the rotation of an entire flat surface to a lower energy
- orientation. These actions may actually increase the total surface area yet still
decrease the total energy. With respect to curved surfaces, the chemical potential

of material at the surface, discussed earlier, is modified by anisotropy in surface

o]

where now K| and ; are the curvature and angle from the surface normal in

energy to give [48]

principle direction "i", respectively. Hence, it is obvious that anisotropy of
surface energy can influence the morpholegical evoluﬁon of flaws in ways -
different from those expected to result by mere reduction of surface area.

Studies of the morphological evolution of lithographically introduced cracks
in sapphire w1th cracl; planes oriented parallel to a number of low \iridex crystal
planes show striking differences in healing behavior due to differences in
crystallographic.oﬁentation [7,15,34,37,38,45,49]. These studies‘ used lithographic
techniques to introduce internal cracks of precise geometry and orientatiori in
sapphire. The planes studied were the Basal, prismatic, and pyramidal planes.
Crack edges were oriented at a variety of angles to crystallographic directions in
plane. The results clearly showed that healing behavior was different not only |
between different planes, but could also differ between edges of cracks with
different orientation with respect to the crystal Significant facetting was often
seen to be the 'mannelf in which healing took place, particularly in the prismatic
and pyramidal planee. These experiments are convincing evidence of the

importance of surface energy anisotropy in determining the morphological



evolution of iniemai flaws.
In the present experiments, driving forces and mass transport are expected to
be produced solely by the glass phase. Hence, healing should proceed as in an

isotropic material, even when the glass content is low.

2 1.2 Crcck healing in pure glass

| Jagota and Dawson [50] performed numencal calculations of the sintering of
two spheres with viscous flow as the transport mechanism. In contrast to the

~ behavior in systems controlled by diffusiohal transport, they calculate that no
| .undercutting will occur,' see Figﬁrc 2. Hence, again making the snalogy between
this stage of sintering and craf:k healing, it is not expected that a tubular bulge will
develop at the cfack tip when transport is by viscous flow, as in giass.v Instead,
the crack tip should just recede while the crack cross sectiop approaches a circle.
‘This .behavior is actually what is observed, as will be discussed later. It should be
nofed that over very short distances, some ti'énsport may occur by surface
diffusion in glass [51], however transport by this mechanism has not yet been

verified.

2.1.3 Crack healing in glass-containing ceramics

In the 96% Ale3 and 96% Al,O,/sapphire systems, crack healing will take
. place by intergranular glass flowing between grains. The viscosity of the glassy
phase and the thickness of the film between grains are expected to control this
- process. However, in the present study observation of crack healing in samples of
etched 96% Al O, bbnded to unetched 96% AL O, requires the abilify to break the

sample along the bond interface to expose cracks after annealing. As glass is



expected to redistribute at the interface during annealing, thcreby improving the
bond, it was not certain whether the Sample would easily fracture along the
interface to allow post anneal inspection. Bonding a piece of sapphire
(transparent) to etched Al,O, \&as pursued as an alternative method to observe
crack healing in this material. However, this arrangement creates a discontinuity
in the sample chemistry. Possible effects of this will be discussed later. |

The microstructures of samples in these systems, namely polycrystalline
ﬁvith an intergranular glassy pl}ase, will result in healing behavior that can not be
described by the theories for pure glass or crystalline materials. The crystailine
netW(;rk will prevent significant distortion of the crack faces, with crack hgaling
accomplished almost exclusively by the flow of the intergranular glass at the
' temperatures used in this work. The expected behavior is best described by the
theories used for pore filling during liquid phase sintering [52]. In such systems,
pores are bounded by many grains, typically with a film of glass between grains
- andon -their faces bounding the pores. Negative curvature at the pore surface
induces the flow of glass toward the pore center through capillary forces. These
phenomena are e_xpectcd to lead to the flow of glass into flat cracks, starting from
the crack gdges where curvature is largest in magnitude. These capillaiy forces
may also lead to minor rearrangements of gfains bounding the cracks, partially
mbving some of them into the crack volume. Oncc; glass is present in the cracks,
material dissolved from grains may diffuse through the glass intd the cracks where
it may precipitaté on grain faces bounding the crack. This is especially a possible |
evolution path in the Al,O,/sapphire system wherein the sapphire surface acts like

that of an enormous grain, "coarsening” at the expense of the grains in the ALO,
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material. It should be emphasized, however, that the stages of crack filling of
present interest in these materials are those up to the point at which the crack has

been at least partially ﬁlled with glass. Subsequent processes are.not considered.

2.1.4 Crack healing via thin intergranular films

The sapphirc/SiOZ/sapphire system provides a means of studying crack
healing by traﬂsport in a very thin "iﬂtergranular" glass film This also provides a
method tb study fcdistribution of intergranular glassy phases during sintering with
very low glass contents. As the film thickness is only 30-50 nm, it is expected
that transport by viscous flow will be very slow, é‘ven when the glass viscosity is
low. Figure 3 shows a plot of the temperature dependence of the viscosity of SiO,.

Figure 4 shows a schematic cross section of the sépphire/SiOzlsapphire
system. The driving force for SiO, flow is caused by the curvature at the éomers
, of cracks creating a pressure difference bétween the region at the corner, P,, and
the region in the interface, P,, _seé Figure 4. Th¢ fdllowihg calculation is intended
to provide an overly optimistic upper bbund for the flow of SiO, from the interface
into the cracks for an idea of the time‘ scaﬂe. of healing and is based on a few
assumptions. First, flow will be approximated by that between two large parallel
plates. Second, the pressure differences, or pressure gradient, at the corner of
cracks will be approximated by that surrounding é hollow cylinder in an elastic
material. Si0O, will be viscoelastic at the temperatures involved in these
expérimcnts, ‘but assuming elastic behaﬁor will provide the largest pressure
gradient.

The volume flow rate O between two large parallel plates, shown

schematically in Figure 5, is given by [53]
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3
o))

bh®
0= fu(y)bdy [——(p s

‘where V is the viscosity and the other parameters are defined in the figure. The
gradient in pressure, dp/dx, is approximated from that around a cylindrical hole in
an elastic material. For cylindrical symmetry, the compatibility equation [54]

reduces to

(d_2+li)(d2¢ ld¢) d', 2d% _ 1d2¢+1d¢=

dr* rdr )\ ar* rdr ) art rdr T P2ar? Par

where @ is the stress function (or potential), dependent only on 7. “This ordinary
 differential equation gives 0(r) = Alogr +Br2logr +Cr’+D, where A, B, C, and
- D are determined by the boundary conditions. This gives the stress components

+B(1 +2logr)+2C

1d¢
S, =%

42

Go=23=-5+B(3+2logr)+2C
(_.Sre =0
For a hollow cylinder in a cylindrical body with no external pressure, this reduces.

to

“2Pi b2 l
Co=r {113
where a is the internal radius, b is the external radius, and p; is the internal

pressure. When b = oo, this gives
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Approximating the inside comer of a crack to be similar to part of a cylinder in its
stress conditiohs and aséurning the SiO, fo be elastic (vielding largeét Vp), pi will
be determined by equating cy=Kvatr=a, whe;'e a is now the radius of the corner
and KX is the curvature, 1/r. Usihg this value of p,, o(r) is obtained. Since
| p(r)=o(r) (hydrostatic stress), Vp can be célculated to be ﬁ;ﬁ. Substituting 'R=r/a,
this becomes % =Vp. So, for aregion of the film 2a from the comér, Vp =§

3p; ) '

and we get Q = %;. This is a large value for Q and represents its upper bound.

-

 This calculation is crude, but gives an upper bound for the volume flow rate to fill

cracks.

215 Complicdﬁng factors in real systems |

" The soda-lime glass used in this work may exhibit different bebavior due to
its chcnﬁstry‘. Th¢ microscope slides of this glass, like many common use
soda-lime glasses, contain substances called fining agents ihtended to enhance
bubble growth in the melt and expedite bubble n’Sing. These agents, composed of
S-0, As-O, and Na-O compounds, act by producing gases which are exsolved
from the glass into any voids. It was suspected that the gas pressures produced by
fining agents might affect the morphological evolution of internal cracks and
channels. If the pressures are great enough, internal voids may grow rathef than

shrink. The temperatufe dependence of the viscosity of the soda-lime glass is very

4
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similar to that of the 7056 glass with softening points of about 710° and 715°C,
respectively. Hence, any differences in behavior between these glasses are |
expécted to be due to differences in chemistry. |

Investigations of glass-bonded aluminas, such és the material used here,
have shown that the intergranular glass may crystallize in certain conditions
[55a,b,c]. Poweli—Dogan and Heuer [55a,b,c] used transmission electron
| microscopy to study the crystallization 6f the glassy intergranular phase in several
commercially available high aluminas after annealing for times from 30 min to
168 h at temperatures between 800°C and 1500°C. The alumina used in the
present study corresponds to their mateﬁal "F".

Up to eight crystalline phases nucleated and grew in the amorphous material,
‘dep;ending on glass composition and annealing conditions. The temperature range
over which crystallization occurred and its extent of development was particularly
dependent oh the MgO to CaO ratio in the glass. For materials with MgO:CaO >
2, denoted "high-MgO" [55b], crystallization occurred extensively bgtween |
1050°C and 1150°C, véry little at 1200°C, and not at all at 1300°C. For materials -
with 1 < Mg0O:Ca0 < 2, or "intermediate" materials, crystal_lization occurred from
1050°Cto 1300°C. It waé also observed that as the MgO:CaO ratio decreased, the
amount of crystallizétion increased. '

The present material is a "high-MgO" material withs MgO:CaO about 2.5.
Hence, if the sample is heated above 1200°C, no crystallization should occur and
thé intergranular phase is expected to remain viscous, free to flow into the -
introduced cracks. However, the circufnstanccs created by bonding a piece of

pure sapphire to this material produce a chemical discontinuity, placing the
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system initially out of equilibrium, which may initiate other processes. Therefore,
it. is possible that an intéraction between the intergranular ghss in the 96% ALO,
" and the sapphire substrate may alter the glass chemistry. The commercial alumina
is densified at temperatures and times _that will allow the ALO, particles to
incorpdrate componehts of the glass, possibly approaching their solubility limits
in ALO;. The glass should also contain a concentration of dissolved ALO,;, closé
to the equilibrium concentfation in the terhperature range 1500°-1600°C, at which
it was initially processed. However, this is not necessarily the equilibrium
concentration of ALO; at th¢ current anneal temperatures.” The glass may contain
éxcess Al,0O;, which might be removed from the 'glass by precipitation or epitaxial
growth of Al,O, br by incorporation into a multicomponent cfystalline 6xide,‘—
effectiVely crystallizing some of the intergranualr glass. Obviously, crystallizing
some of the integranular glass wﬂl greatly impede the flow of the remaining

viscous material.

As seen in Figure 3, the viscosity of Si0, is quite large at 1200°-1300°C. To

lower the SiO, viscosity, higher temperatures are required whfch may introduce
further complications. Crystallization of silica can occur when held at elevated
temperatures, typically above 1300°C.  The rate at which this may occur is
dependeﬁt on impurities and the surrounding atmosphere [56]. Another potential
problem is the formation of aluminésilicates, primarily mullite, AlsSi,0y5. The
‘A1203/SiO,/A1203 sandwich geometry involves a discontinuity in chemistry which
will drive interdiffusion. At temperatures above 1300°C the formation of mullite
from ALO,/SiO, mixtures has been observed [57,58]. Hence, raising the

temperature enough to lower the viscosity of the thin SiO, film may resultin its

w
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crystallization or reaction with the sapphire substrates to form an aluminosilicate.

2.2 Channel Evolution

2.2 ‘Th(ermodynamic channel instability
| The treatments of the instability of fluid jets and jets of air in liquids by Lord
Rayleigh [1-3] provide a basis for the study of breakup of channels in a material.
As comparison of the mathematical pr'edictions with experimental data are the
purpose of this work,. the derivations will be Erieﬂy repeated. For a cylinder with
its axis parallel to the z axis in cylindrical coordinates, the radius is described as

- v , .

rz)=a +dcos(kz) . 1)

where o(t) € 1,k = T’ and A is the wavelength of the perturbanon This allows

the calculation of the surface area per unit length, s, and the volume per unit

_ o
s =2na +(l)1wk2a2 : )
2 .
S =na*+| £ lno?
.’ 2

If s, is the surface area per unit length for tﬁe undisturbed cylinder, then the

length S |

~change in s with a growing perturbation is

®
s _sO ((1;(:)) (k2 2_ )
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which implies 5 —5<0 " if (ka)’<1
§s—5>0 (ka)*>1
As the energy associated with the interface is Ys where 7 is the surface energy of

the material, it is seen that small perturbaﬁohs withka <1, or A >2na, will
reduce the surface area, lowering the energy associated with the interface. S.uch
‘perturbations are expected to grow. Conversely, if A. <2na the surface area is
“increased as is the energy associated with it, and the perturbation is expected to
decay. This establishes the minimum, or critical, stable Wavclength for an |
infinitesimal perturbation, A, =2mna. | | |

. Obvidusly, the fluids discussed in the above derivations of minimum stabie
~ perturbation wavelengths on infinite cylinders are isotropic in surface energy. As
mentioned earlier in the discﬁssion of crack healing, anisotropy in surface energy
will almosf certainiy produce different behavior than is observed in isotropic
~ materials. The effect of surface energy a.niéotropy on the minimum stable
perturbation wavelength on an infinite cyﬁnder was modelled by Cahn fora
hypothetical material with the simplest possible anisotropy in y[59]. In this
model, a single crystal rod was hypothesized to be transversely isotropic, but?y
was dependent on the angle "y" between the surface and the rod axis, set to be the
z axis in cylindrical coordinates. Following a derivation similar to that of
Rayleigh, Cahn showed that the rod would be unstable with respect to

infinitesimal sinusoidal perturbations of wavelength A when

()
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where a is the unperturbed rod radius. Clearly, when 7 is isotropic the Rayleigh
value 27ma is obtained. However, the term o*y/oy? is seen;to either increase or
decrease the critical wavelength depending on its sign. Consequently, the
minimum stable wavelength may differ greatly from the Rayleigh result if

_anisotropy is significant.

2.2.2 Kinetics of channel breakup ,

The wavelength which actually grows to appreciable amplitude will exceed
the critical wavelength,. but will depend on the mechanism of mass transport.
Rayleigh [1] detemlined the wavelength of maximum instability (the wavelength
of the fastest growing perturbation) under a variety of conditions. For a fluid of
low viscosity, the initial growth rate pf a perturbation has a maximum value when
Amax = 4.508(2a). A similar calculation [2] for a cylinder of a highly viscous fluid
preciicts that A,_,, will be much larger (i.e. approaching o) than the cylinder
circumference, 2na. For a cylindrical gas-filled void in a low viscosity fluid,
Amax = 6.48(24). Grow_th rates, normalized with respect to cylindér radius, of
perturbations vs. X (x=ka) on jets and cylindrical voids for the low viscosity fluid
and on jets for the high viscosity fluid are plotted in Figure 6. A kinetic analysis
of the instability of a cylindrical void in a highly viscous fluid was not performed
until recently [8]. The growth behavior parallels that predicted by Rayleigh for
jets of highly viscous fluid. No wévelength of maximum instability is found. The
growth rate increases monotonically as % approaches infinity. This is different .

from the kinetic maxima for a low viscosity fluid mentioned previously.
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The models suggest that channels in a highly viscous material like glass
should prefer to develop perturbations of very long wavelengt_h'with no particular
finite value being kinetically preferred. Shieh and Evans predict a normalized
perturbation growth rate [8] : ‘ S

a_y_ 1 g L | |
o V2(ka )2(1 (ka) ){ 1- [2’2::;]2+(;)2}a 4) o
where a is the perturbation amplitude, v is the viscosity and Ky(ka), K;(ka) are

modified Bessel functioﬁs of the second kind of ofder zero and one, respectively.
A plot of the expression EG) vs; ka, Figure 7, indicates a linear decrease in
growth rate as ka increases in the range ka = 0.2 to 1. For ka < 0.2 the curve levels
off to approach a value of 0.5 at ka = 0 (A =o0). This shows that for ka < 0.2, .
corresponding to A > 30a, the growth rate changes very slowly as A increases.
Thus, there is a broad spectrum of pérturbation»wavelengths with approximately
the same normalized growth rate. |

Hence, it seems likely that end effects (for a finite cylinder) and processing.
flaws or preexisting imperfections on the cylinder, which result {n finite amplitude
perturbations, ‘may grow and dominate the development of "natural” inﬁnitésimal
perturbations resulting in a number of wavelengths growing simultanedusly. Itis o
also expected that-the magnitude of a perturbation will affect relative growth rates.
Intuitively, one would expect that largér amplitudes would produce larger growth ‘ | K
rates due to the increased gradients in curvature (driving force). Unfortunately, |
the differential equations that must be solved to give a relation of growth rate vs.
perturbation amplitude are unbearably cumbersome {60]. These topics will be

discussed more later.
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The driving force for mass transport required for perturbation growth is
caused by the local variation in chemical potential along the length of the cylinder.
For an isotropic mateﬁal, Herring [47] derived an expression for the excess
’chemical potential of a curved sﬁrface at a point P over that of a flat surface,

which was modified by Mullins [61] to give

" -
hP)= Q{(Y’r yr (v TS ]

where € is the atomic volume, 6, is the angle between the surface normal and that

of a.ﬂat surface in the diréction i with directions 1 and 2 orthogonal, and X; is the
princiﬁal burv_ature in the direction i. Here, the surféce energy v is a function of
surface orientation, y=Y(0,,0,) and all quantities are evaluated at P. For an
isotropic material, vis constant and (5) reduces to the Gibbs-Thomson equétion

| n=QyK o 6)
where K is the mean curvature, K, +K,. The gradient in p is the driving force for

méss transport and, with a defined in (1) and small slopes assumed,

o ,
_K=-1-+(d2 )
r \dz* | | )

1 1
~a+acos(kz)  akicos(kz)

Henc_:e
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du d .
Vu=="—=—(Q¥K) .
& dz az - ®)

3 —Kasin(kz) N oK?sin(kz) |
~ Y (@ +acos(kz)) (@K 2cos(kz))

. K v
Vi) = QK osinkz) [ (K coskz)) @+ acos<k2>)2]

Following this, Nichols and Mﬁllins [5] derived the wavelengths of maximum
instability to be A, = 8.89a (=2"22na) for surface diffusion and Ay, = 12.964 for
volume’diffusibn. Recall that the previous result for the highly viscous material
differs in not exhibiting a wavelength of maximum instability. Consequéntly,
there is a substantial difference between the behavior expected for noncrystalline
(viscous) and crystalline systems.

As mentioned-above-, anisotropy in surface energy is expected to alter the
minimum stable perturbation wavelength calculated by Rayleigh. It should follow
that the wavelength of maximum instability will be different from that for isotropic
materials as well. Following the work of Cahn [59] and Nichols and Mullins [5],
Stolken and Glaeser [62] examined the dependence of perturbation growth rate on
wavelength in a single crystal rod, agaih with transverse isotropy in ¥ and

anisbtropy with the angle between‘ the surface and rod axis. Their results for
| transport by surface diffusion indicate that, as in the case of an isotropic material,
| the wavelength of maximum instabilityA,,, is just 2'? times the minimum stable

wavelength, A,
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Again, anisotropy in surface energy is seen to have the potential to control the
spacings of pores left by the breakup of a channel. Hence, we see rather different
behavior not 6nly between isotropic materials with different transport mechanisms,

but additionally when the surface energy is anisotropic.

2.2.3 Role of pre-existent perturbations

The above analyses for the breakup of channels (or rods) are carried out
under the éssumptions that the channels are infinite in extent and perfectly smooth
with the ‘exceptibn of the imposed infinitesimal sinu;oidal perturbation. These |
models do not consider the coincident evolution of perturbations with different
wavelengths. Having noted signiﬁcént scatter in reported wavelengths and pore
(or particle) spacings during the spherdidization of channels (or rods), Hackney, et
al [63] undertook a theoretical investigation of the behavior of channels or rods
with numerous infinitesimal sinusoidal perturbations with different_ wavelengths.
Thé material they considered was assumed to be isotropic, crystalline, and with
transport governed By surface diffusion. They also noted that a "cylindrical”
surface with a radius dependent on axial position, r(z), that was composed of a
sum of harmonic functions, like a Fourier series, could represent a surface with
isolated perturbations or a "noisy" distribution of perturbations. This model was
found to show that a number of wavelengths could be observed to grow |
simultaneously. Additional results from this study, which incorporated nonlinear
interacﬁons between different wavelengths, were that the stébility of a wave was
dependent on its own magnitude and also on that of another wave with a different
wavelength with which it might interact. The former conclusion is similar to one

derived by other researchers [12], but the latter has significant implications. Even



22

if a perturbation with the kinetically favored wavelength, A.,,, is present, other
wavelengths pfescnt as components of an ixiitially noisy surface or of isolated |
imperfections may destabilize it or eliminate its preferéntial development. Thus,
the wavelengths or pore spacings observed may .not be those expected to be |
favored. This may very' well be an explanation for the scatter in eXperimental data.

The investigation of the behavior of cylindrical surfaces with multiharmonic
perturbatioﬁs was carried out for infinitely long bod;és. However, any real
'channel or rod is clearly finite. Asa conseqdénce, this surface will terminaie with
end caps which create a drastic change in radius with positioh, To investigate the
potential role of end effects in the morphological evolution of -these channels |
analytically, it was postulated that the surface of the channels including the end
cap could be expressed asa surh of .tn'gono_metric functions, like _sincs and/or
cosines, as in a Fourier se_xies dcscribed above.. This is basically assuming that
the cylinder profile is constructed from the sum of many perturbations of differing
wavelengths ahd amplitudes. The relative contribution, or maériitude, of each
pcnurbaﬁon is detenhined by its coefficient in the sum. Those perturbations with
larger coefficients might be more likely to grow faster than the others, thus
dominating the measured data. The difficulty in expressing the actual cylinder
geometry at the end led to an alternate treatment (still needing refinement) of .the
channel curvature as a function of arc length along the surface starting at the very
end of the channel [64]. The problem was set up as follows:

The curvature; K(s), was assumed to have the form

K (s)=e™{csin(ks)+dcos (ks)} +f

i
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where s=arclength, k is the wavenumber, and b,c,d, and fare dependent on k and
a parameter B, defined by the arc length from the end of the cylinder to the first

" neck equalling Ba. The curvature Was required to meet several boundary |
conditions, drawn from observations of channels. These are:

1) at s=0 (the end of cylinder at axis), K(s=0) is assumed spherical
over some region near the axis with the same radius as the cylinder;

K (s=0)=—§

2) at s=0, a%’) =o=0

3) ats = Ba, K(Ba) =Kneck

dK(s)
4)ats= Ba, = |$=B¢=

5) at s=oo (far from end), K(s)|,..=—>

Trial values were assumed for B and K., and b,c,d, and f were calculatéd to form
a trial solution, K(s). Valﬁes for P started z;lt %, corresponding to the minimum
wavelength which can grow, and ranged up to about 30 or 40. Values for K.,
were usually chosen to be less than 1% greater than K, = —i/a. Finally, the |
Fourier transform of K(s) was calculated to determine the intensities of all values
of k (Note:b,c,d f are also dependent on k). A value of k with a maximum in
intensity, if any, was éought to.calculate a wavelengﬂ; for comparison with
measured node spacing data. Figure 8 shows schematic plots of r(z) and k(s) for
such solutions. | |

It was found that the Fourier transforms of trial solutions K (s) were

somewhat sharply peaked at k values smaller than the value of-k used in K(s). The



value at which the peak occurred was found to vary inversely with the value of
and proportionally to the difference K., — K... As B increases, it effectively
makes the "wavelength" associated with end bulge longer, so one ‘éxpects the
preferred & to decrease. The variation with the neck curvature shows that the £
value of the maximum moves closer to that value used in K (s), indicating itis
making a greater contribution to the proﬁie. For the values of B and K., |
described above, the values of k£ at which the maximum in the Fourier transform
of K(s) occurred were in the range 0.1/a t0 0.3/a, corresponding to wavelengths in

the rangé 20a to 50a.
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3 Experimental Procedures

The general procedures of the sample préparatibn and experiments performed will
be presented first, with the details of the different systems following. A technique using
photolithography, ion beam etching, and diffusion bonding was used to produce internal
flaws in the three systems described earlier [34]. This technique involved spinning |
photoresist' onto a polished substrate at 5000 rpm to produce a resist thickness of
= 2.5 um. The resist is then soft baked at 90°C for 20 min. The resist was subsequently
exposed to ultra violet light through a mask containing precisely defined geometric
featuresina mask projection aligner”. The resist was devclbped to remove the exposed
resist material, rinsed, then dried with a gas jet, and hard baked at 120°C for 20 min.
The §ubstrate was now coated with a hard baked photoresist except for areas defined by
the mask. The substrate was next ion beam etched in an ionmill’ under conditions set by
the sample material requiremerits. Following etching, the substrate was thoroughly
cleaned in solutions of NH,OH:H,0,:H,0 (1:1:5), denoted as SC1, and HC1:H,0,:H,O
"(1:1:6), denoted SC2, to remove organic and metallic contaminants, respectively. The |
surface was profiled with a contact profilometer® to characterize the etch depth.’

| Diffusion bonding was done by placing a Polished substrate on an eétched one in a
graphite die and hot pressihgf Conditions Wcre determined by the diffusion bonding

characteristics of the materials being studied. The as bonded samples were photographed

! Shipley 1400-31, Shipley Co., Inc., Santa Clara, CA
? Canon Projection Mask Aligner, Canon , Santa Clara, CA
* Veeco Microetch System, Veeco Instruments Inc., Plainview, NY
* Alphastep 200, Tencor Instruments, Mountain View, CA

5 This work was done in the Microfabrication Laboratory in the Department of Electrical Engineering and
Computer Science at the University of California at Berkeley
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onan optical microscope, then run through a series of anneals with .intefnﬁttent .
inspections and photographing to monitor the' evolution of the internal flaws. The details |
of each systeni will be discussed below. Results are discussed in a later section.
3.1 Corning 7056 Glass and Soda-Lime Glass |
Eight pieces of 7056 glass were cut to 1"x1"x =0. 7 mm and pohshed for etching
and bonding. The composition of this glass is hsted in Table 1. Four pieces were
etched. A mask hereafter refen'ed to as "Mask # 1", see Figure 9, was used to
develop features. Each piece had four masks exposed in each 0.5" x 0.5" corher for a
totai of sixteen masks per substrate. All four pieces were placed ih the ionmill. The
samples were etched in four Tuns. After each run, one substrate was removed giving
four different etch depths As a maximum etch depth of about 1. Zum was desired,
etching conditions expected to etch 0.3 pm/run were used. Using past etching
conditions and resulting etch depths, an approximate relaﬁonship between beam
current density "J", depth "d", and tifne "t" was calculated tobe d = 0.032(%)&
The ionmill conditidris were a beam veltage of 1kV and current density of 0.5
mA/cm? which required about 20 min for the desired depth 'ef 0.3 um. Since a
uniform etching rate over a 3" diameter regien is claimed, uniform etch depths Within
* each safnple were expected. However, when two samples had been removed, the last
two were centered and the final one v;/as centered durlng its solo run. By moving the
current detector through ihe ion beafn the current density Was found to vary from 0.2 -
0.5 mA/cm® from the outer edge to the center; Hence, etch depths were determined

by profiling the masks on the outer comers of each piece and one ‘mask near the

! Designed by Jiirgen Rodel and W. Craig Carter.
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interior. This pattern allows the determination of etch depths across the entire sample
by linearly extrapolating from measured masks to unmeasured masks The measured
etch depths for these samples are summarlzed in Table 2A. ‘ :

Unetched pieces were bonded to the etched pieces by hot pressing for 1 h at
SZO;C with 17 MPa pressure in vacuum of SleO's torr. The samples were then cut
into four pieces, each with four masks. Since all masks on the 1" sa_mples were not
the same depth, the four masks on the cut samples were of different depths as well. -
As some mask regions debonded during cutting, there were not enough useful masks
to heve all etch depths represented. The temperatures 610° and 650°C were chosen
for annealing. as they are in a re.nge wherein features will undergo detectable .
morphological evolution in times from about a day to a few hours. Selected features
in the as hot pressed masks on all samples were photographed. Selection was based -
on the absence of bond defects and particulate contamination. Some samples were |
annealed at 610°C and some at 650°C. The heat treatment histories of theses samples
are tabulated in Table 2B. Anneal times were set in an attempt to allow several stages
" of evolution to be observed , i.e. to avoid complete ev‘(')lution during a single anneal.
Samples were always cooled at < 5 °C/rnin; After eacﬁ anneal, samples were -
inspected on an optical microscope. If morphological changes were pronounced, the
samples were phb_tographed and annealed again. If no changes were apparent,- the
sample was annealed again without photographing. Hence, with each anneal in the
sample heat treatment histories the comment "Inspected” or "Photographed" will
indicate whether a sample was annealed again without photogmphing or photographed
~ before the next anneal, respectively. Measurements of node and pore spacings for

channel breakup and crack edge regression were determined from photographs.
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From 1"x3" soda-lime glass microscope s}ides, two 1" square pieces were cut.
Mask 1 was exposed on one piece, just as for the 7056 glass. The sample was
processed exactly as the 7056 glass sample.. It was annealed for about 15 min at

650°C and photographed. -



Table 1.
Material Compositions
Corning 7056 Glass
Composition
Component wt.%
SiO, 68
B,O, 18
K,0 .9
AlLO, 3
Li,0 1
Na,O 1
Coors 96% Al,O,
Composition
Component = wt.%
AlLO,8 96.4
SIO, 25
MgO 0.65
CaO 0.23
FeO - 0.1

Na,0 006
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650° samples
sample #2

sample #4

610° Samples

Treatment (total)
650° Samples

as bonded

1 hr, 650° (1)

2 hr, 650° (3)

1 hr, 650° (4)

2 hr, 650° (6)

2 hr, 650° (8)

5 hr, 650° (13)

610° Samples
as bonded

10 hr, 610° (10)
10 hr, 610° (20)
10 hr, 610° (30)
5 hr, 610° (35)
10 hr, 610° (45)

L
N
o) | 0.63
A
B
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‘Table 2A.
- 7056 Etch Depths

Masks Depth (].mi)
0.5
0.58

1.05
1.1
all masks 0.5

- Table 2B.
7056 Annedling/Photographing
~ Histories

Ph hed/In

Photographed
Inspected -
Photographed
Photographed
Photographed
Inspected
Photographed

Photographed
Inspected
Inspected
Photographed
Inspected ‘
Photographed
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3.2 96% ALO,

Several 1"x1" pieces of 96% Al,O, were cut and poliéhed on an automatic
polishing r.nachine:l with 1 pm diamond compound. Sixteen'cdpies of Mask 1 were
exposed and etched onto one of the pieces, as for the'1"x1" glass samples. The
features were etc.hed under conditions of 1 kV and 0.6 mA/cm‘2 for 30 min. The

- resulting etch depth was about 0.3 pm. This piece land an unetched piece were
cleaned in SC1 and SCZ and baked in air at about 600°C for 1 h. The pieces were
bonded in a hot press f)y ramping at 5°C/min to 750°C, held 20 min to improve
vacuum, ramped at 15°C/min to 1000°C and held for 15 min, ramped at 10°C/min to
750°C and held 2 h, then ramped at 10°C/min to room temperature. The applied
pressure was 17 'MPa throughout the run and vacuum was <5x107 torr. This schedule
was used to attain temperatures high enough for bonding but held only for a short time
at 1000°C to avoid creep by deformation of the intergmnular glass. The sample was
cut into four 0.5" x 0.5" pieces. To inspect thé as-bonded interface, one of the four

| pieces was glued between two steel rods and fractured open at the interface by
applying a vquick three-point bending load to the rod/sample/rod "beam". One piece -
Was_ annealed 1 h and another 3.5 h at 1150°C in flowing gettered argon. The |
annealed samples were difficult to break open. The edges required pre-notching of

v 'the interface on a diamond saw before they would break. All sainples were inspected
on a scanning electron microscope. The composition of this AL O, is listed in Table 1.

To determine the grain size of this material, which could be used to calculate an
é.vcrage intergranular film thickness, a piece of the 96% Al O, was annealed in air for

10 h at 1200°C to cause glass to partially fill in some of the voids in the surface. The B

! Multipol, Malvern Instruments, Malvem, Worcestershire, United Kingdom ‘
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Sarhple was then etched in an ion mill under the same conditions for etching masks
above. The surfac;e was photographed on an SEM. The grain size was calcuiéted .
using ASTM Standard E112 [65]. |

3.3 96% Ales/Sapphire.

Two pieces of basal sapphire of known edge orientation (see Figure 35F) were
cut, one 7.5 mm X 17 mm x 0.38 mm and the other 7.5 mm X 8.5 mm X 0.38 mm, to
match the sizes of two pieces of 96% Al,O,. The Ale3 was polished to 1 um on an
automatic polishing machine. A mask, hereafter referred to as "Mask JDP7 ", see
Figure 10, was étched into the ALO,, two in the larger piece and one in ihe smaller.
The ion beam conditions were 1kV and a ;‘urrent density of 1.3 mA/cm® and etching
was done for about 12 min. The resulting etch depth was about 0.35 um. The ALO,
and sapphire piecés were cleaned in SC1 and SC2 and baked in air for 1 h at 600°C.
The pieces were then bonded in a hot press, in a vacuum in the 107 torr fange. "

- Bonding at 1000°C, used for the 96% Al,O, sample, -was not found to produce
sufficient bonding of the 96% Alzogjsapphire samples. Hence, the samples were

‘? bonded by ramping at 7.5°C/fnin to’lZOO’C, held for 15 min with nb load, ramped

down at 7.5°C/min to 1.100°C, held for 90 min with a pressure of ébout 2.8 MPa, and
ramped to room temperature at 7.5°C/min. Thi§ resulted in a partial bond. A second
bonding run of 4 h at 1100°C and about 3.4 MPa (rarﬁping at.+/-7.5'A'C/min) reéulted m
a good bond over the majority of the sample interfaces. Selected féatures were
photographed on both as-bonded samples and they were subjected to different

| annealing schedules. All anneals were done in flowing gettcrcd argon. Annealing

conditions are tabulated in Table 3. A temperature of 1300°C was chosen first as it

! Designed by James D. Powers.
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was above the temperature range wherein crystallization of the int_ergrariular glass
may occur. Due to the rapid crack filling at this temperature, 1250°C was selected for

further studies as it was at the upper end of the glass crystallization range.



Toble 3.

96% AlL,Os/Sapphire
Annealing/Photographing
Histories
etch depth is 0.35 um
T n D Ph hed/In
large sample
as bonded = Photographed
1 h, 1300°C (1/1300) Photographed
small sample _
as bonded Photographed
1 h, 1200°C (1/1200) Photographed (bond improved)
1 h, 1200°C (2/1200) Inspected : -
2 h, 1200°C (4/1200) Inspected ’
6 h, 1200°C (10/1200) Inspected
10 h, 1200°C (20/1200) Photographed
13 h, 1200°C (33/1200) Inspected
5 h, 1250°C (5/1250)(33/1200) Inspected
10 h, 1250°C Inspected
(15/1250)(33/1200) ,
20 h, 1250°C Inspected -
(35/1250)(33/1200) :
25 h, 1250°C . ~ Photographed
(60/1250)(33/1200)
1h, 1300°C Photographed .

(1/1300)(60. 1250)(33/ 1200)
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3.4 SiO,/Sapphire . |
Two pieces of basal sapphire of known edge orientation were cut to about
15 mm x 17 mm x 0.38 mm. Mask JDP7 was etched into one piece four ﬁmes, with
two of the masks in an orientation orthogonal to the other two. The etching
conditions were 1 kV, 1.7 mA/cm’ for 12 min resulting in a depth of 0.25 um. The
etched and unetched pieces were cleaned in SC1 and SC2, dried with a gas jet, then
- placed in a sputter deposition system' on a microscope slide for coatihg with SiO,.
The deposition conditions were a sputtering power setting of 300 watts with a 20%
O,, 80% Ar gas mixture flowing at 100 cfm. These conditions have been deteimined
to give a deposition rate of about .6 nm/min [6_6]. As a coating thickness of 10-15 nm
was desired, the deposition time was 1.5 min. | Such a thin coating is difficult to
characterizé. The shadowéd re gion on the microscope slide was profiled on the
contact proﬁloineter, which indicated a thickness of about 25 nm, however the
accuracy of this small value is uncertain on this instrument and it has not been verified
by anofhef technique. As it is within an acceptable range, it is satisfactory. The
pieces were then bonded with SiO, sides together with essentially no misorientation
between the sapphire crystals, using bonding conditions described elsewhere [67].
The first bonding run was at 1100°C for 2 h with about 4 MPa, ramping at +/-
7.5°C/min. Bonding was incomplete, so a second bonding run using the same
conditions but with a 4 h duration was performed. This resulted in bonding over
almost the entire interface. Selected mask features were photographed in the
as-bonded sample, and it was given multiple aﬁneals. All anneals were done in

flowing gettered argon. For annealing, samples were heated at 10°C/min to 1100°C,

! Randex Sputtering System, Randex Corp. location?
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then rarhped at 30°C/min to anneal temperatures at or below 1400°C, - held for the
prescribed time, and ramped down using the same rates as during heating. For the
anneals at 1620°C, the femperature Qas raised to 1400° as béfére,ﬁ then ramped at
-50°C/min to 1620°C and held for the prescribed time, ramped at 100°C/min down to
1100°C and 10°C/min from there to room temperature. The heat treatment and
microgréphy history are tabulated in Table 4. The techrﬁque of "Becke lines" was
used to determine the relative index of refraction between the interfacial film and

crystals that nucleated and grew in it [71].
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History
etch depth is 0.25 um
n Ph hed/In
as bonded (0) Photographed
0.5 h, 1250°C (0/1250) Inspected
1h, 1250°C (1.5/1250) Photographed defects
- 1h, 1250°C (2.5/1250) Inspected
1 h, 1250°C (3.5/1250) Inspected
3 h, 1250°C (6.5/ 1250) Photographed
1 h, 1300°C Inspected
(1/ 1300)(6 5/1250)
3h, 1300°C Inspected
(4/1300)(6.5/1250)
6 h, 1300°C Photographed
(10/1300)(6.5/1250) ;
10 h, 1300°C Inspected
(20/1300)(6.5/1250) '
3 h, 1400°C Inspected
3/ 1400)(20/ 1300)(6.5/1250)
10 h, 1400°C Photographed
(13/1400)(20/1300)(6. 5/1250)
10 h, 1400°C Photographed
(23/1400)(20/1300)(6.5/1250)
20 h, 1400°C Photographed and Becke lines
(43/1400)(20/1300)(6.5/1250) .
0.25 h, 1620°C Inspected
(:25/1 620)(43/ 1400)(20/1300) :
(6.5/1250)
0.5 h, 1620°C Photographed

(.75/1620)(43/1400)(20/1300)
(6.5/1250)
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4 Results and Discussion

4.1 Corning 7056 Glass

From the dimeﬁsions of the channels in the as bonded samples, the radii of
cylinders with 'equivalent cross sectional areas, denoted r; were calculated for _each/
channel. These data, along with the measured initial crack dimensions, are tabulated

in Table 5. |

Table 5.
Initial Crack and Channel
| Dimensions
Teo(Hm)

Channel no. = mask 2L mask 2N ~ mask X
1 - daméged 096 0.89
2 - 1.1 1.06
3 " ' 1.22 1;13
4 121 13 o121
5 1.26 1.35 1.26
6 1.33 - 143 - 1.33

Meém Crack Dimensions: 212 pm x 105 um
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4.1.1 Corning 7056, Crack Healing

A§ mentioned earlier, it was not expected that bulges would develop at the
edges of cracks as they healed due to the nature of mass transport by viscous flow.
This was indeed what was observed. The crack edges merely receded while the |
“crack develdped an elliptical cross Secﬁon with an aspect ratio that decreased with
'~ increasing anneal time and temperature. Figure 11 shows a cross section of a
crack after 13 h at 650°C. This cross section was initially 105 pm x 0.5 pm. It is
now an ellipsc with minor and major axes of 4.49 um and 26.22 ‘urh, réspecﬁvely.
Figures 12-13 show top views of cracks as they develop through the annealing.

There were some observations, similar to what has been observed in
sapphire [15,45], that were not expected in the evolution of cracks in glass.
Cracks from mask 2N, 650°C, and mask X, 610°C, exhibit channels left at
corners as adjacent edges recedgd, see Figures 12 and 14. Cracks from mask 2L,
650°C, do not appear to have remnant channels at corners, Figure 13. Instead, the
corners merely appear to have lagged slightly behind the receding edges. .
Differences in crack depth are probably not responsible for the difference in this
aspéct of healing behavior as 2L(650°C) and X(610°C) are both etched about
" 0.5um deep, while 2N(650°C) is 0.58um deep. However, 2L and 2N were in the
same sample about half an inch apart. Mask 2L was always near the top of the
crucible and 2N near the bottom -during anneals: As the furnace in which these
anneals were performed was not equipped with controlled ramping, repeatable
ramping up and down was achieved by simi)ly turnian the furnace on at full power
with the anneal temperature a.s. the setpoint and turning it 6ff at the end of the

anneal with the same mass in the furnace in all runs. Turning the furnace on and
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off in this manner produced very rapid heating and cooling rates. Such rapid rates
can cause warping in glass. To avoid tﬁis, the crucible wa§ placed in a hole in a
refractory brick to provide insulation which slowed heatm g and cooling
sufﬁmently to prevent 51gn1ﬁcant warping. This may have resulted in s1gmﬁcantly
faster heating near the top of the crucible. This would allow the portion of the -
sample near the top to reach the final temperature well before that near the bottom.
If the lag in temperatufe near the bottom were enough, it may not even spend the
majority c;f a few hdur anneal at the prescribed température. Note, however, that
-~ for é given amount of crack edge féééssion, the lehgth of corner channels in
2N(650°C) is less than that in the 610° sample. Also note that the cracks in 2L
shrunk much faster than those in 2N which indicates a lower viscosity, hence
higher temperature. Now it is apparent that the temperatures in the three groups of
cracks are in the order T, >T,>Ty. Similarly,; the lengths of corner channels, 1,
are in the order l <ln<lx, consistent with the order of the visc;osities of the |
material in which the cracks exist. Itis therefdre surmised that the extent to which
channels are left at corners by receding crack edges is dependent on viscosity
which is varied between groups of cracks by variations in local sarhple
temperature. The corner channels are filled féster when the viscosity is lower.
From Figﬁre 15 it is seen that the viscosity of this glass varies by about one order
of magriitude, between 600°C and 650°C. Consequently, small deviations in
temperature can significantly affect mass flow rates. The behavior of channels at

 different temperatures, discussed below, also serves to demonstrate this.
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4.1.2 Coming 7056, Channel Evolution ‘
During annealing, the channels of smaller radius developed perturbations
'fa'ster than those of larger radius and broke up into spheres faster; as one would
expect. Table 6 shov?s the mean node spacings (or wavelengths) to radius ratios
for channels of constant length (about 3200 pm) and various radii after different
anneals and the cumulative spacing/radius mean for each é.nneal. Inspection of
the data for each channel shows that the means for larger channels (#5-6) decrease
from. values of about 50—65 for shorter anneals to 25;43 after longer anneals. The -
midsized channels (#3-4) start with values from 26-54 after the first anneals -and
show values of 35-50 after longer anneals. The spread in values does not change
much, however the mean ratios for some channels increase, some decrease, and |
- some barely change at all. For the small channels (#1-2) mean values start in a
range 18-32, and grow to 64-115 after longer annealing. These data are plotted in
- Figures 16—19.



Table 6.

Node spacings/radius
3200um Channels
- Channel r(um) Anneal Mean D/r
X/6 1.33 30 hr,610°C 65.3
/5 1.26 " 47.7
/4 1.21 " 35.9
/3 1.13 S 26.0
/2 1.06 " 18.7
/1 0.89 " 239
X/6 ’ : 45 hr,610°C 25.6
- /5 ' " 279
/4 " 35.2
/3 " 452
/2 " 64.3*

/1 " 112.9*
2N/6 1.43 3 hr,650°C 59.4
/5 1.35 " 419
/4 1.3 " 40.6
/3 1.22 " 339
/2 1.1 " 33.1
/1 0.96 " 30.1
2L/6 1.33 " 49.0
/5 1.26 " 59.2
A 1.21 " 53.9
2N/6 . 6 hr,650°C 36.3
/5 ! 36.1
/4 " 42.1
/3 " 50.1

/2 " 76.2%

/1 " 115.4*
2L/6 ; 43.0
/5 " 39.5
/4 " 37.0

42

Cumulative

31.6

394

41.2

47.3

*Many large spacings which are actually pore-pore or poré-node distances for

small channels that broke up into pores
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The very large values for the small channels after longer anneals arise
because the small channels had substantially broken up into spheres after these
longer anneals. These pores were frequently rather far apart. Therefore, these
pore-pore or pore-node spacings serve to push the mean ﬁp when the channel is
reduced to a few pores in some regions. Figures 20C,21C,D, and 22C,D show
segments of these small channels that have spheroidized. Note that some régions
of channels display a perturbation of a given wavelength growing on top of a
perturbation of much greater wavelength. As the longer wavelength perturbation ‘
has an advantage in growth rate, one expects to find a few large, widely spaced
pores when a channel has broken up rather than numerous small pores at spacings
cornparable'to the smaller perturbation wavelength. ‘

The mean values of the midsized channels are in the middie of the range of
numbers seen for most channels after the shorter anneals and are in the same range
after longer annealing. The larger channels, however, have mean spacing/r valﬁes
toward the upper end of the typical range early on, but always evolve toward
numbers in the middle of the observed values. These values are very close to
'th'ose of the midsized channels and some of the early values observed in small
channels.

As mentioned earliér, the initial growth‘rate of an infinitesimal perturbation
on an infinite cylinder aue to viscous flow increased monotonically with
wavelength aboye the critical value, 2ra. This indicates that any perturbation with |
a wavelength greater than this will continue to grow at a rate that increases almost
linearly as 1/A decreases until A = 30a, at which point the growth rate changes

little with increasing A, see Figure 7. Therefore, it is possible to observe a



number of wavelengths growing simultaneously as predicted by others [63].
Again, it is also expected that the magnitude of a perturbation will affect relative
growth rates, with larger amplitude perturbations exhibiting larger growth rates.
One expects that any perturbation (or defect) initially present on the channel
will probably continue to grow. Figures 20A, 21A, and 22A show defects
.prese,nt on channels before annealing began and it is clear they have grown much
faster than perturbations elsewhere on the cha;mel that are too smail to see
initially. In Figure 20A, near the middlevof the channels, channels 3 and4 (1is
smallest, .6 largest) show defects that have substantially reduced their radii locally.
These defects léad to thé early pinching of these chanhel#. After these points have
pinched, these portions of the channels béhave like any other end. Near the ﬁght
end of these channels, a scratch running across all channels is not even clearly
~ visible in the as-bonded sample, Figure 20A. It is easily seen that this scratch has -
caused the growth of bulges in the channels as annealing pfoceeded, see
Figures 20B and 20C. However, the presencé of these defects does not seem to
have induced extensive growth of perturbations at any appreciable distance from
them. If oné‘ inspects the ends of the channels, particularly in Flgures 21Cand
22C, itis particularly interesting to note that the end has bulged a little and a
sinusoidal oscillation in channel radius has developed, propagating well into the
~ channel. These perturbations can be seen to be growing at distances of order 100a
from'the end, while the wavelength varies little over this region. This observation
seems to indicate that end effects do play a significant role in the morphological

evolution of channels in glass, as discussed in Section 2.2.3.
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As noted, the mean values of node spacing to radius ratios typically are in
the range 20-60, excluding the large values for sphefoidiz_ed channel segments.
From Figures 16-19, particularly 16G, 17G, 18J, and 197 showing data for all
channels in an anneal, it is clearly evident that the most frequent vaiues of node

spacing/radius occur between 20-50. Comparing these values with the range of
values, 20-50, calculated for the maximum in the Fourier transform of K(s), see
Section 2.2'.3', it seems likely that end effects are very active in the morphological
evolution of channels due to viscous flow. Preexisting defects clearly contribute ,
to perturbation growth and breakup, but giveh that perturbaﬁons with wavelengths
in the raﬂge "prescribed" by end effcct:; are also in the range of maximﬁm growth
rate, it is possible that end effects are primarily responsible for observed behavior.
4.2 Soda-Lime Glass
From the soda-lime glass sample, Figures 23 show cracks and varying aspect
ratio channels as-bonded and after 15 min at 650°C. The cracks have bloated into
pillows and the channels have obviously increased in volume. The etch depth of this
sample was 0.5 pm. The initial volume of the fifth smallest narrow chanhel, marked
"A" in the figure, is 84 um3 The final volume of this spheroidized channel is about
900 um’. The volume has increased by an order of magnitude. Using an estimate of
the surface tension of this glass at 300 dyne/cm and the sphere radius of 6 pm, the
pressure difference across the pore surface is calculated to be about 10° dyne/cm” or
1 atm. It is concluded that the pressures produced in voids by fining agents is large

enough to control their morphological evolution.v
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4.3 96% Al,O,
4.3.1 96% AlL,O;, 1150°C Anneals
From the fractured intefface of the as-bonded sample, it appears that there
was bonding over most of thc} surface. Figures 24 show a crack and short channels
in the éxposed surface of the etched piece. Abﬁndaﬁt nativé porosity is also -
visible. The features have not changed noticeably from their ﬁs—etched shépes.

: The smooth surface between features shows that the interface fractured cleanly.
As it fractured rather easily, the bond was probably weak, being prbvided by the
intergranular glass between the two surfaces. | _ | |

After 1 h at 1.150°C, changcs in the feature shape are apfarcnt.v Figures 25 |
show a crack and short channels from a fractured interface. Bulges of material,
prbbably glaSs, have proiruded from the edges of the crack into the crack. T,he
edge in thé upper right corner has moved in several microns. Similar prdtrusions

~ are visible on channel edges. The ends of channels ar'e sometimes very distorted

- by redistributed glass. The narrowest of the six channels has been reduced to

- shorter ségments by glass filling in portions of it. The rough surface bétwccn
features, including pﬁlled out grains, indicate bonding was much better after the
anneal. This was expected due to the increaseg_i difficulty of breaking the sample
open.’ ‘ | | |

After 3.5 h at 1150°C, thé cracks have not changed much more than after the

| 1 h anneal. The channels have evolved only slightly more. Figures 26 show a -
crack and short channels after this last anneal. Figures 27 show higher | |
mﬁgniﬁcation micrographs of the ends of some channels, where glass

redistribution is most apparent. Figure 27A corresponds to channel "A" and
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similarly for B and C. These micrographs show how the interfacial flaws are
being filled by the growth 6f an interfacial film of glass into the flaws. The

‘ ﬁurféce between features, rougher than that in the sample annealed 1 h, attests to
the still improved bonding. Bonding had improved enough that only a small
portion of the interface fracmréd, yet with great difficulty. Much of the exposed .
interface wés damaged by:pulled out grains, so few features were available for
observation. It should be noted that the terhperatur_e at which these samples were

| annealed, 1150°C, is the upper limit of the range wherein crystallization of the
intergranular glass was observed in this material [55]. Therefore, healing By flow
of intergranular glass might proceed only as long as the glass has not crystallized.
If the glass does not crystallize extensively or is very slow to do sb, healing may

A proceed to completion. As it is not believed possi:ble to break open samples after
further annealing, given the difficulty after 3.5 h, itis cohsequently not believed
possiblc' to further observe healing using this method. The '96% A1203/Sapphire

provides an alternate means to accomplish this.

4.3.2 96% ALO;, Glass Film Thickness and Viscosity

Figure 28 shows the etched éurfaée of a piece of this 96% AlL,O,. Using
ASTM Standard E112 with circular intercepts, the grain size was calculated to be
approximately 3.5 pm. Knowing the grain size, an abproximate intergranular film
thickness can be calculated. As the grains in this material are not generally
symme_trip or homogeneous 'in shape, they will be assumed to be dodecahedra
with an inscﬁﬁéd sphericai diametér equal to the avelrage' grain sizé. The surface
area and volume of such polyhedra are tabﬁlated in standard references [68]: For

an inscribed diameter, d, of 3.5 um, the surface area T of an “average” gfain is
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T = 16.66(;)2' = 51um?* Its volume V is given by = 5.55(2)3 = 20 Tum* The
volume of the intergranular phase, V,, assuming the film thickness ¢ is very small,

is approximately V, =1T. The total volume of thc material is Vau=V+ V;. As the

- glass constitutes about 4% of the volume, V/V,, = 0,04. Substituting and solving
fort gives t = % = 0.0Zum. The total distance between grain faces is 2¢, giving
an intergranular film thickness of about 0.04 um. There are, however, regions of |
thicker glass along grain junctions. |

The cbmposition of the intergranular glass in the as-processed material,

dctenniped by energy dispersive spectroscopy [55a], is listed in Tablc 7.
Viscosity data for a glass of this composition was not available, however that for

- glasses with very similar compositions was. The compositions and viscosities for
two commercial glasses" aretlistcd in Table 8. As seen in the tébles, the glass in
the 96% Al O, differs from these cbﬁmemial glasses in that it contains about
‘twice as much‘ MgO, half as much CaO, less BaO and no Na,O or B,0,.
However, MgO, Cao; and BaO lower the viscosity of silicate glassés similaﬂy '
so these differences are not expectéd to alter the viscosity of the intergranular glass
‘much from these commeréial glasses. The lowering of the ?iscosity by these
oxides méy be countered somewhat by B,O, or ALO, [69]. In conclusion, the -
viscosity of the intergranular glass in this 96% AlLO; will be; very close to that of
these commercial glasses. Hence, annealing at 1150°C will result in a viscosity

close to the working point of the glass, defined as. 10* poise.

! Corning Glass Works, Coming, New York



Table 7.

Composition of intergranular
. Glass in 96% AlL,O,
(From Powell-Dogan and Heuer, (55a))

Component
Sio,

AlLO,
MgO

Cao

BaO

weight %
67

15

13

5

1

49



Coming Glass Code

1720

1723

Table 8.
.Compositions and Viscosity

Data for Commercial Glasses

- (From CRC Handbook of tables for

Applied Engineering Science, 2nd Ed. (68))

Component - Weight %  Strain Anneal Softening
- Point,*C Point,*C Point,*C

Si0, 62 670 715 915

ALO, 17

MgO 7

CaO '8

B,O, 5

Na,0 1

Si0, 57 670 710 . 910

ALO, 15

MgO 7

CaO 10

BaO 6

B,O, 5

Working
Point,"C
1190

1175

50
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4.4 96% Al,O,/Sapphire
4.4.1 96% Al,O,/Sapphire, 1300°C Anneal
B The 96% Al,O/sapphire sample annealed at 1300°C for 1 h shows dramatic
healing, see Figure 29. Not only have pborly bonded regions been joined, but
most features have been reduced to pores of sizes comparable to the native |
porosity in the Al,O,. This residual porosity is, however, more closely spaced. It
appears the intergrahular glass has flowed into the cracks, producing enough crack
filling to consider most of them completely healed. Figure 29 shows rectangular
and circular cracks, respectively, before and after the anneal. Many of the pdres

- remaining after the anneal correspond to pores visible before annealing, but it is

clear that there is no correspondence between the residual porosity and the
crystallography of the sapphire substrate. As crack edge orientation also seems to
have no effect on resultant morphology, it is concluded that the sapphire
‘crystallography has no effect on the healing behavior observed in these conditions
and that it is purely by viscous flow through the polycrystalline material. The
evolution of channels in this system merely entailed glass flowing between grainsr
to fill therh. Since this mechanism is no different than that for crack healing, it
was not investigated independently. Instead, attention was focused on crack

-healing in this system.

4.4.2 96% AlL,O,/Sapphire, 1250°C Anneal
The sample annealed at lower temperature displayed substantially different
behavior. The majority of the as bonded sample was bonded, but a significant
~ portion Qf the interface was not. After one hour at 1200°C the unbonded regions

had been almost completély eliminated, as shown in Figures 30 and 31A,B.
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Successive anneals, up to 33 h, at 1200°C failed to produce any significant
morphological changé, s¢e Figures 3OC and 31C. After up to 60 h at 1250°C,

| there was still no significant chaﬂge, Figures .30D and 31D. There are, howevér,
régions near crack or channel edges wheréin some change in contrast is noticeable.
This contrast change appears to reflect local changes in material composition or
strudure. In the narrow channels (4 um wide channels) it appears as though small
crystals were growing from the channels like whiskers, see Figure 32.
Unfortunately, ohly limited information is accessible via optical microscopy.

- 'When this sampie was annealed 1 h at 1300°C, changes similar to those seenin
the sample annealed only at ISOO;C began to take place; However, as seen in |
Figures 30E andA3vl'E the magnitude of the changes was much smaller. We believe

that this difference is due to crystallization of the glassy phase.

4.4.396% ALO,/Sapphire, Glass Chemistry and Crystallization
© As mentioned in Section 2.1.5 referencing [55], the present material is a
"high-MgO" material with Mg0O:CaO about 2.5. Hence, when the sampie is
heated to 1300°C for 1 h, no crystallization occurs and the intergranular phase
| remains viscous, free to flow into the introduced cracks as observed. When this
material is annéaied at 1200°C to 1250°C, even for almost 100 h, little if any
crystallization is éxpectcd. Thus, oné would expect that the intergranular glasé
| should flow into the cracks, albeit Somewhat more slowly than at 1300°C. The
observations in our study indicate different behavior. | |
As discussed in Section 2.1.5, changes in intergranular giass chemistry may
cause its crystallization. Consequently, the lack of crack healing at 1200°-1250°C

may be due to the sapphire interacting with the glass near the AL, O,/sapphire
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interface in a manner that promotes the nucleation and/or growth of crystalline
phases at these temperatures. When annealed fbr one hour at 1300° after the long

~ times at lower temperatures, the crystallized material may remain crystéiline or

- take time to dissolve. "A 1 h anneal at 1500°C was found to completely dissolve all
crystalline grain boundary phases [55b]. Therefore, 1 h at 1300°C may not be
sufficient to dissolve crystallized material. The remaining glass is responsible for
the observed small amount of healing during the final 1300°C anneal.

A TEM' investigation of this sample after 60 h at 1256°C revealed crystalline
phases in some intergranular glass p(')cket's. Figure 33A shows a bright field image
of one such pocket. The pocket is a few microns from the 96% AIZO,/sapph.iren
interface, marked on the micrograph. Figures 33B,C,D show selected area

 diffraction (SAD) pattei'ns from two Al,O, grains adjacent to the glass pocket and
one centered on the crystal in the pocket, respectively. This enabled the
distinction between diffraction spots from the surrounding two grains, labeled le
and GZi, and the crystal in the pocket, labeled Ci. Figure 34A shows a higher

| magnification imagé of the crystal in this glass pocket. Figures 34B and 34C show
centered darkfield images of this crystal using reflections CI and C2, respectively, |
from the crystal’s diffraction pattern in Figure 33D. The SAD pattern in |
Figure 33C is of an AL,O, [0001] orientation and was used to determine the camera
constant of the midoscope. The diffraction pattern of the crystal, Figure 33D,
was then used to calculate its interplanar spacings. These data were compared to
those for various Al-S\i-Q, CasAl-Si*O, Mg-Al-Si+O, and Mg+Al-O crystalline
materials from the Powder Diffraction Files (PDF) [70]. Based on agreements

! Philips 301 TEM, Philips ...



betWe_en interplanar spacings of .the unknown crystal and those of the above
mentioned materials in the PDF, the _unknowﬁ crystal is probably either cordierite,
Mg,AlSisOy With an Qrthorhombic structure, or anorthite, CaAlzsiz_()s with a
triclinic structure. Inferplanar épacings of AL,O, do not agree at all v?ith those of
this crystal, indicating it is clearly not Al,O,. Energy dispersive X-ray
spectroscopy'? (EDS) of this crystal gave the approximate cation composition of
the crystal as Mg 15.15 at. %; Al 54.35 at %; Si 28.52 at %; Ca 1.99 at %. The

- large ratio of Mg to Ca indicates that the crystal is a magnesium aluminosilicate,

. almost certainly cdrdicrite. The Ca sighaj may be from a small quantity
incorporated in the crystal or from the surrounding glass. The large Al signal is
probably from the surrounding ALO; grains. This shows that there is indeed

- crystallization of the intergranulai glass taking place. This is believed résponsible '
for the drastically reduced rate of crack filling by intergranular glass in the samplc

' annealed at 1200°/1250°C compared to that observed in the sample annealed at
1300°C. |

4.5 SiO,/Sapphire |
4.5.1 SiO,/Sapphire, Béhavior During Annealing
The interface of the bonded SiO, coated sapphire surfaces was almost
completely bonded; Some scratches were visible and there were occasional
particulate contaminants which comprised virtually all of the nonbonded surface
- area, see Figures 35A, 36A, and 37A. As it was desired to avoid crystallization of

the SiO, layer, the anneal temperatures chosen first were only 1250°C. From

' Performed by Mahesh Chandramouli, Dept. of Materials Science and Mineral Engineering, University of
California at Berkeley

ZPhilips 400 transmission electron micorscope, Kevex ??
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Figure 3 the viscosity is about 10" poise at this temperature. After an
accumulated time of 6.5 hr at 1250°C the only noticeable changes were formation
of closely spaced "islands" in the cracks and the apparent debonding of isolated
portions of the interface, particularly néar Scratchcs, see Figures 37B. When the
temperature was raised to 1300°C, where the viscosity is about 10**7 poise,
change was still extremely slow. After accumulating 10 hr at 1300°, the only
- noticeable change was a coarsening of the islands in cracks noted above,
Figures 36B and 37C. An additional 10 h at 1300° (20 h total) produced no further
detectable change.
Increasing the temperature to 1400°C, where the viscosity is about
10°° poise, resulted in substantially increased coarsening of the islands in cracks,
but virtually no geometric change in cracks or channels resulted. After 13 h at
1400°C the appearance of occasional long, blade shaped features in some cracks
was noted, Figures 35B, 36C, and 37D. As they were definitely facetted with
facets along low index directions of the sapphire substrates (see Figure 35F for
Laue pattern of crystals), they are believed to be crystalline. Another notable
development was the onset of noticeable facetting of the islands bridging cracks.
Still, no change in crack or channel geometry had occurred. An additional 10 h at
1400°C (23 h total) produced further coarsening and facetting of the islands, the _
growth of existing crystals, and the aﬁpearance of a few more crystals,
Figures 35C, 36D, and 37E. Crystals were now also clearly visible in the regions
of the interfacé where debonding had occurred during annealing. After 20 more
hours ‘at 1400°C (43 h tbtal) the islands in cracks had coarsened further with

almost all facetted to some degree. More crystals had nucleated and many had
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groWn to lengths extending completely across cracks. Aft’er all these anneals,
however, there has been virtually no significant displacément of crack edges from
théir on'ginél positions, Figuies 35D, 36E, and 37F. To this point, all mass |
bridging crack faces appears tb be the result of a crystal nucleation and growth
process. Thé details of this process are not understood at present. Itis possibly
‘due contamination, as regions near particulate contaminatibn develop crystals
more rapidly than regions distant from the impure regions, see Figure 38.

The anneals at 1620°C resulted in substantial crystal growth in "bonded"
regions and little growth of crystals in cracks. Most of the islands in cracks
disappeared, frcqﬁently appearing to leave behind what 160k like bumpé on one
face of the crack. Islands that look like crescents or question marks develop. . |
Crack tip regression initiates, see Figurcs 35E, 36F, and 37G. Crack edges have
begun to pull in and appear to be bulged to vaﬁous degrees, similar in appearance
to heaIing beﬁavior seen in pure sapphire annealed at 170,0°v-180'0°C [15,45]. In
this system, ‘glass ﬂbw doés not éppe_ar to ha\;e contributed much to the
morphological evolution of flaws. Again, channel evolution exhibited the same

behavior as crack héaling, so was not treated separately.

4.5.2 SiO,/Sapphire, Interfacial Crystals

In rhany regions of the interface with no apparent flaws due to nonbonding or
contamination, these blade shapéd crystals can still be quite abundant, though
hard to see. Figures 39 show bright field reflected (BFR) light and dark field
transmitted (DFT) light optical micrographs of such a region. Note that ih the

BFR image, the only interfacial features present are what look like a few straight

2
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lines of pores. The DFT image, howéver, dramatically brings out interfacial
crystals that would otherwise be unseen. The pores in the BFR image doindeed
- ‘appear to be just that when compared to the same regiﬁn in the DFT image.

~ An interesting technique in the optical microscope is that called "Becke
lines" mentioned earlier [71]. Using transmitted polan'zed light, a crystal
immersed in a medium of different refractive index is observed and a vertical edge
of it is brought into focus. When the sample is movéd slightly away from the
objectiife, a line of brighter intgnsity rﬁoves away from the vertical interface and
into the material of highér refractive index. When the sample is brought closer,
the bright- line or "Becke line" moves into the material of lower refractive index. -
Figures 40 show a series of micrographs of crystals in a well bonded rcgibn aftef
accumulating anneal time at the lower temperatures and 43 h at 1400°C. The
series includes BFR and DFT images and polarized transmitted light images with
the sample at, above, and below focus.‘ The results indicate that the refractive
index of the crystals is less than that of the surrounding material. Table 9 lists the
refractive indices of Al,O,, SiO,, and four aluminosilicate minerals; mulliie
(AlSi,0,5), andalusite, kyanite, and sillimanite (the latter three being A1,SiOs). ‘
The crystal structures of these crystals are also indicated. Given the relative
refractive indices between the interfacial crystals and the surrounding material
from the Becke line analysis ‘and the data in Table 9, there are probably fwo
possibilities that account for the crystals lower index of refraction. First, the
crystals could be vquartz surrounded by AL O, or an aluminosilicate. Second, the
crystals could be an aluminosilicaté surrounded by Al,O,. The first option seems

unlikely since the SiO,-AL O, phase diagram, Figure 41, shows substantial
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. solubility of AL,O, in SiO, at the SiO, rich side. Since the SiO, is only 30-50nm
thick, itis rea}sonable to assume that the AL O, content would rise rapidly, moving -
the composition toward a SiO,+mullite(ss) miscibility gap. As the Al,O, content
of the interfacial material can only go up with time, reducing the percent SiO,,
and the crystals are growing with time, it is very unlikely that the crystals are
qﬁartz (lowest refractive index) surrounded by ALO; or an aluminosilicate. This
suggests that the crystals are probably mullite (perhaps off stoichiometry)
surrounded by ALO; with sdme dissolved SiO,. The orientations of these crystals
~ are explained based oﬁ interplanar spacing d_afa [70]. The <110> or prismatic
planes in ALO,;, which are normal to the basal‘ plane at the interface, have
Spac,ings of 2.379 A and intersect each other at 60° or 120°. Their spacing is about
0.5% smaller than that of the [310] plane in mullite, 2.393 A. Heﬁce,_ there exists
alow energy orientational relation between the two crystals. Microstructures of
mélt-grown mullite [57] show groups of long, acicular mullite needles not unlike

those seen in this ALO,/SiO,/ALO, interfacial system.
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Table 9.
Refractive Indices , ,
Materia] L L L Crvst.Sr,  Refer
. ALQ, 1767- 1759- ~ Rhomb (72]
" 172 1763
$i0, 1.594(0) 1.553(c0) . corpquarz "
14598 '
Mullie 1637 1641 1652  Onhorhomb  [73]
Andalusite  1629- 1633  1638-  Orthorhomb  [72]
1.64 1644 165
Kyanite =~ 1712- 1721-  1727-  Tric "
1718 1723 1.734
Sillimanite 1654-  1658-  1637-  Orthorhomb  *
| 1661 1662 1683

4.5.3 SiO,/Sapphire, Approximate Glass Flow Rate

Recall the calculation for the "flow rate” for a fluid between two plates into a
crack from secﬁon 2.1.4. If we now use values of the parameters abpropriate to
the SiOJsapphire system and its geometry we can obtain an idea of the time scales
to expect. For b=200 pm (crack length), h=50 nm, a=1/2h=25 nm, p=10° poise
(T=1500°C), and p, = Ky=1y=1.2x 10° dyne/em?, Q. is about 10" cm’s.
- This value is very small compared to the crack volume; 4x10° cm®. At this rate it
would take over 50 h to half fill é crack. However, as the éréck begins to fill, a.
will increase. Since Qe ai,, the rate will drop quickly, 'bccoming about an order of |
magnitude less when the radius eqﬁals the film thickness. This calculation is

crude, but gives an upper bound for the volume flow rate to fill cracks. For the



given film thickness and a viscosity corresponding to a higher temperature than
used in these experiments, this rate is still very slow. Hence, the lack of
significant héaling by viscous flow is not inconsistent with the constraints placed

on this mechanism by the current geometrj and material properties.
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5 Summary and Conclusions

The morphological évolution of cylindrical pores or "channels" and crack-liké
cavities in glass and glass containing ceramics at elevated temperatﬁres was studied. The
systems studied were: Comiﬁg 7056 alkali borosilicate glass, a soda-lime glass, a
commercially available Coors 96% Al,O; electronic substrate material withv=5-1'0%
intergranular glass, 96% A1203 bonded to sapphire, and a model sapphire/glass/sapphire
system fabricated by diffusion bonding etched and unefched pieces of sapphire onto
which 15-25 nm of SiO, had been sputter deposited. These systeﬁls span a broad range
of glass contents and permit observation of healing behavior with vérying glass conteht.

" The results were compé.red with analytical models and fesults of similar studies in
completely crystalline systems. _

For the 7056 glasS at 610°C - 650°C, 96% AL O, at 1150°C, and the 96%
Al,O,/sapphire at 1300°C behavior was in agreement with expectations for mass transport
by .viscous flow. In the soda-lime glass, bloating dominated morphological evolution.
Gas evolution from fining agents led to =10x increases in feature volurhe. In the 7056
glass, there is no kinetically favored wa}vélength for channel breakup. Hence,
perturbation wavelengths and pore spacings do not occur at ahy special values. Instead,
end effects and processing defects appear to prédispose the channels to evolve as théy do.
Mean node spacing/channel radius values typically fall in the range of 20-50, with \;alues
belqw 2r and up td =100 not uncommon. Cracks evolve by the créck Cross sections '
becorrﬁng ellipiical; the aspect ratio decreases with incre_:a’sing anneal time. In the 96%
Al,O,, initial healihg occured by the flow of intergranular glass during anneals at
1150°C. However, difficulty breaking samples open to inspect morphological-changeé
prohibited follQWing the p_rocesS beyond the very initial stages. For fhe 96%



62

ALO,/sapphire at 1300°C, the interfacial glass flows into and fills cracks and channels.
After oniy one hour at 1300°C, most large cracks were reduced to pores with sizes and
shapes similar the nauve poros1ty of the A1203

96% Al,O,/sapphire samples annealed initially for one hour at 1200°C This did not
produce any morphological change in the cracks or channels, but nonbonded regions in
the -int'erface disappeased, resulting in an essentially completely bonded interface.
Successive anneals at this temperature, up to 33 hours total, produced no further
changes Successive anneals at IZSO;C up to 60 hours fotal failed to produce any
» notlceable changes as well. However, around the edges of some cracks and particularly
the narrower channels (~4—6um) changes in contrast developed which may be deferent
phases crystallizing out of the glass. Finally, the sample was annealed for one hour at
-1300°C which resulted in changes sumlar to those observed in the sample annealed only
at 1300°C, but much less in magnitude. Studies on the crystallization of the
‘ intergranular glass in this material indicate that this may be occur_ring, preventing the
glass from flowing into the interfacial flaws. A TEM inQestigation on this sample
revealed the glass had begun to crystallize._ |

In the SiOZ/sapphire system, anneals at 1250°C produced very little change' after
tirhes totalling 6.5 hours. The only noticeable change was the formaﬁon of small islands
in cracks and wider channels. These appear to be more frequent near areas with
particulate contamination introduced during proc':essing. Anneals at 1300°C totalling 20
hours produced virtually no change as well. However, the islands mentioned abcve were
seen to begin to vanish in the channels, and coarsen in the cracks. Still, the channel and
crack shapes and sizes were essentially the same as in the as processed sample. When the

annealing temperature was increased to 1400°C, morphological changes began to occur.
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However, rather than heéling or channel breakup, further coérsening and facetting of the

" 1islands in the cracks, ﬂleir.disappearance, and also nucleation and growth of
blade-shaped crystals were observed. These crystals, expected to be mullite, were the
primary changes that were observed. They could be seen t6 £TOW across porous, poorly
bonded regions and across cracks and channels or nucleating and growing within cracks.
They grew with very specific orientations. Their long directions were at 60° or 120° to
each other and along the low index directions of the basal sapphire crystals.

Occasionally, intercrystal angles were approximately 9b°, but this was rather infrequent.
The edges of the cracks and channéls still had not moved by any noticeable amount. The
phase diagram for the AL,O,/SiO, system indicates a liquid phase in the ALO, rich region -
of the system at about 1600°-1620°. To investigate if these crystals would melt and flow
into the flaws, the sample was annealed for a total of 45 minutes at 1620°C. Although
the crystals did not appear to melt, the facetted edges and corners rounded and gaQe the
abpearance that they may have actually been very viscous. After these anneals, it
appeared that the crack edges finally started to change, but further analysis is required.
In this system, the glass does not contribute appreciably to healing.

This work has attempted to provide some insight toward understanding the healing
of internal flaws in materials in which mass transport is governed by viscous flow. In
addition to studying pure glass for comparison with analytic models of viscous materials,
glass-ceramic material systemé w1th varying glass contenté were also studied in order to
investigate how the role of glass depends on the amount of glass present. It is hoped that
theoreticians will appreciate some of these results which they might find useful in
refining their models. Additionalily, thqse interested in strength recovery or joining in

real engineering ceramic materials may hopefully find other portions of this work helpful



as a starting point for applied research and/or development.
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7 Figure Captions

Figure 1. Calculated undercutting during initial stage sintering at an
~ interparticle neck with mass transport by surface diffusion only (top)
- and surface and grain boundary diffusion (bottom).{From Bross and
Exner,[46]}

Figure 2. The developrhént of an ihterparticle neck during sintering with
mass transport by viscous flow only.{Jagota and Dawson,[50]}

- Figure 3. The viscosity of SiO, VS. t_erhperature {from Doremus [69]}.
Figure 4. Schematic cross section of the sapphire/SiO,/sapphire interface.

Figure 5. Schematic diagram of fluid flow between two parallel plates {from
White [53]}. ' '

Figure 6. A: Normalized growth rate, 6 (o= g), vs. X (x=kr,) for 1) a liquid

jet and 2) a hollow jet in a fluid of low viscosity. B: Normalized
growth rate vs. x for a jet of highly viscous fluid. The numbers on the

curves are the values of a parameter J where J = ;%, p being the density
of the glass, see [4].{From Chandrasekhar, [4]} '

Figure 7. Normalized growth rate, ¢ (6= g), vs. x for a hollow cylindrical
cavity in a fluid of very high viscosity.{From Shieh and Evans, [8]}

Figure 8. Schematic plot of r(z) vs. z (tdp) and x(s) vs. s (bottom) for trial
solution of cylinder end perturbation. { From Stlken and Ackler,[64]}

~ Figure 9. Mask 1, used in Cornihg 7056 glass samples.

- Figure 10. Mask fDP7, used in 96% Al,0,/Sapphire and SiO,/Sapphire
: samples.

Figure 11. Cross section of crack in Corning 7056 glass, mask 2L, after 13
hr. at 650°C. ' ‘

Figure 12. Cracks in Coming 7056 glass, 610° sample. A: As bonded; B:
30 hr at 610°C; C:45 hrat 610°C.



!

, 'Figure 13. Cracks in Corning 7056 glass, mask 2L.. A: As bonded; B: 3 hr
at 650°C; C: 6 hrat 650°C; D: 13 hr at 650°C. .

Figure 14. Cracks in Corning 7056 glass, mask 2N. A: As bonded; B: 3 hr
- at 650°C; C: 6hrat 650°C; D: 13 hr at 650°C.

Figure 15. Viscosity, 1, vs. temperature, T, of Corning 7056 glass.

Figure 16. Node spacing/r, values for Corning 7056 glass 610° sample, 30
hr at 610°C.
A: Channe16 mean = 65.32
B: 5, " =41.73
C. " 4, " =359
D: " 3, " =2599
E:. " 2, = 18.66
F. " 1, " =2392
' G: Cumulative values, mean = 31.64

Figure 17. Node spacing/r, values for Corning 7056 glass 610° sample, 45
hr at 610°C.
A: Channel6 mean = 25.59
B: 5 " =279

C: " 4, "=3518

D: " 3, " =45.21

E: " '2, = 64.30

F: " 1, " =112.90

G: Cumulatlve values, mean = 39.39

Figure 18. Node spacing/r, values for Corning 7056 glass masks N and
2L, 3 hrat 650°C.
A: Channel 2N 6, mean = 59 39

B: "5, " =41.94
C: " "4, " =4055 «
D: * " 3, " =3389"
E: " "2, " =3312
FE " "1, " =3O 07
G: " 2L6, " =49.03
H: " "5, "=5915
I. " "4, " =53.89
J:

Cumulative values, mean =41.19
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Figure 19. Node spacing/r, values for Coming 7056 glass, masks 2N and
2L, 6 hr at 650°C.
A: Channel 2N 6, mean = 36.31

B: " "5, " =3605

C:" "4, "'=4209

D: " "3, " =50.06

E: " "2, " =76.17

F: " "1, " =1154

G: " 2L6, " =4295

H: " "5, " =3949

I. " "4, " =3695

J: Cumulative values, mean = 47.31

Flgure 20. Channels in Corning 7056 glass 610° sample
A: As bonded.
B: 30 hrat 610°C.
C:45hrat 610°C.

Figure 21. Channels in Corning 7056 glass, mask 2L
A: As bonded.
B: 3 hr at 650°C.
C: 6 hr at 650°C.
'D: 13 hr at 650°C.

Figure 22. Channels in Corning 7056 glass mask 2N.
A: As bonded.
B: 3 hr at 650°C.
C: 6 hr at 650°C.
D: 13 hr at 650°C.

Figure 23. Soda-lime glass sample
A: As-bonded cracks and short channels.
B: Cracks and short channels after 15 min at 650°C.

Figure 24. As-bonded crack and short channels in an exposed surface from '
the fractured mterface in a 96% Al,O, sample.

Figure 25. Crack and short channels in an exposed surface from the fractured
interface in a 96% Al,O, sample after 1 hat 1150°C.

Figure 26. Crack and short channels in an exposéd surface from the fractured
interface in a 96% Al,O, sample after 3.5 h at 1150°C.
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Flgure 27. Ends of short channels in an exposed surface from the fractured
“interface in a 96% Al,0, sample after 3.5 h at 1150°C. Figures 27A
27B, and 27C correspond to channels A, B, and C, respectively, in
Flgure 27.1

Figure 28. Etched 96% Al O, surface for grain size measurement.

Figure 29. Cracks in 96% ALO,/Sapphire.
A: As bonded rectangles and circles.
B: One hour at 1300°C anneal, rectangles and c1rc1es

Figure 30. Long cracks in 96% A1203/Sapph1re
A: As bonded. '
B: 1 hr at 1200°C.
C: 20 hr at 1200°C.
D: 60 hr at 1250°C.
E: 1 hr at 1300°C.

Figure 31. Cracks in 96% A1203/Sapph1re
A: As bonded.
B: 1 hrat 1200°C.
C: 20 hr at 1200°C.
D: 60 hr at 1250°C.
~ E:1hrat 1300°C.

AFlgure 32. Channels in 96% Al,O,/Sapphire w1th "whiskers" at edges of

channels.
A:60 hr at 1250°C
B: 1 hrat 1300°C.

Figure 33. A glass pocket near the 96% Al,O,/sapphire interface after 60 h at
1250°C. The interface is marked between the carrots.
A: Bright field image of crystal C, in glass pocket between grams
B: SAD pattern from grain Gl1.in A.

C: SAD pattern from grain G2 in A. Zone axis is [0001], e=[1010],

» g—[1120]
D: SAD pattern from crystal in pocket.

v,
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- _Flgure 34, Higher magmﬁcauon bnght and dark ﬁeld 1mages of crystal in
33A.

A: Bright field image of crystal in glass pocket, 102kX. '

B: Centered dark field image of crystal using beam C! from its

diffraction pattern in 33D, 102kX.

C: Centered dark field image of crystal using beam C2 from its

diffraction pattern in 33D, 102KX.

Figure 35. Cracks in SiO,/Sapphire.
A: As bonded.
B: 13 hr at 1400°C. .
C: 23 hr at 1400°C.
D: 43 hr at 1400°C.
E. 0.75 hr at 1620°C.
F: Laue pattern of sapphire crystals oriented with respect to sample

Figure 36. Cracks in SlOQ/Sapphlre
A: As bonded.
B: 10 hr at 1400°C.
C: 13 hr at 1400°C.
D: 23 hr at 1400°C.
E: 43 hr at 1400°C.
F: 0.75 hr at 1620°C.

Figure 37. Cracks in SlOZ/Sapphlre
A: Asbonded.
B: 6.5 hr 1250°C.
C: 10 hr at 1300°C.
- D: 13 hr at 1400°C.
E: 23 hr at 1400°C.
F: 43 hr at 1400°C.
G: 0.75 hr at 1620°C.

Figure 38. Features in contaminated interfacial region in SiO,/Sapphire
sample.
A: 23 hr at 1400°C.
B: 43 hr at 1400°C.
C: 0.75 hr at 1620°C.

Figure 39. Interfacial crystals in SlO,/Sapphlre sample, 43 hr at 1400°C.
A: Bright field reflected light (BFR).
B: Dark field transmitted light (DFT).



Flgure 40. Becke line series.

A: Bright field reflected light.
B: Dark field transmitted light.
C: Bright field polarized transmitted light (BFPT), sample at focus.
Note position of crystal edge, see arrows "E".
C.1: Schematic of 40C, showing crystal edges (full lines). :
D: BFPT, sample raised from focus. Note that bright lines, or "Becke
lines" have moved into the crystals, see arrows "BL".
D.1: Schematic of 40D, showing crystal edges (full lines) and Becke

" lines (dashed lines). .
E: BFPT, sample lowered from focus. Note that Becke lines have
moved into material surrounding crystals, see arrows "BL".
E.1: Schematic of 40E, showing crystal edges (full lines) and Becke
lines (dashed lines). :

Figure 41. SiO,/Al,0, phase diagram.{From Aksay and Pask,[57]}



8 Figures

76



o ———

77

0‘ Computer result

S “Circle approximation

—_— g — a—

Surface diftusion

e e — e ——

al  Computer result

________ s >~ Circle approximation

| Surface ond grain boundary ditfusion

Axial Surface Coordinate A2 (x 10°)

Figure 1

5

6

7

8

9 10

Radial Surface Coordinate AX (x 10%)

Figure 2



78

_ T, °C
17 __25]00 2900 4 |5]00 ' VIOOO 8?0 . 6?0 500
I5F —
-8 B 5i0,+ 0.12% H,0(4) 7
&
> 1 .
=
773 o
§ oL s.oz/ y _
= /
o /
e 7+ : -
- (5)
S5 .
3 \ ! L 1 | 1 ] ) N
3 4 5 6 7 8 9 10 CH 12 13
10,000/T
Figure 3
‘ /'/// A s / S by // // /'/ Va / 7 p //
2 __ 1 SiO2
/hf"—‘O r)i“ﬂ P /< a '
//v;,, | e /" // P ) ,
- ALC a |
o 2 . . /// S ’//
A
S PR s/
o " eyl \_
- 2590nm
RS .
- A S, / / /

Figure 4



Figure

79




80

2

08

06 -
A

o 0-4 |
02}
0 | i ] 1
02 0-4 0-6 0-8 10

: Figuré 6 .

061 '
B
Figure 7




. 81

A

Nih"

g 21nbi4

1L

v_och Z¢




Figure 9

lEEENEAAAAA

SRS
RN

EEBEN 44444
— BEERE « €« €4«4«
S—— |
T LSRR EREERE
E— FRERRAAAA
e p——— ’ illlllvvvvv
O W |
e EEEEEvVYVYVYY
= EEEERE » > > p D>
i B & |
——— EEEEE A2 00n
- EEEREE ALAAAA
= B

N 3523222

Figure 10

82

XBB 920-10217



(87 ]
o0

N

H oo

o o

= -

B ko)

e i

o

G

XBB 920-10218



84

61201-0c6 gdX

¢1 @by

S




85

02gcol-0c6 gdx




VISCOSITY
1.000E+08 moeotMY_
1.000E+08
10,000,000 a

1,000,000 peemams—eme et

T DDLU p———— . SN

0 200 400 600 800 1000 1200 1400 1600

Temperature (degrees C)

Figure 15

86



30 hr 610C, Channel 4

o} T =
5 me
>4+ = m
5 \ \
NERN
1L
1+ = B UBIIEIE B =
0 + + {
0 80 100 150 200
D/Req
&
30 hr 610C, Channel 5
4 ']
> 3 IB 5 E® E ®
35 2 " |m| = /.
§ 1 [ 11 ‘lll uE EE I8 \l—l——l—-—-—l‘
0
0 80 100 180 200
D/Req
B
30 hr 610C, Channel 6
4 u
g
g 2+ ulmm
]
o ] tmmE nzes memE—e B =
0
0 100 200 300
D/Req

A
Figure 16

87



88

30 hr 610C, Channel 1

—n »

Adusnbaiy

180 200

100

D/Req

30 hr 610C, Channel 2

n
»
|
]
|
L]
i
lIl\\hUI
.L\:\\
I./l
S
‘@) n'owo
™ N — -

Aduanbayy

180 200

100

D/Req

30 hr 610C, Channel 3

n O v o

Aduenbayy

180 200

100

D/Req

D

Figure 16,continued



30 hr 610C, All Channels

Figure 16,continued

40
35 L
30 +
> 25 Tl
g |f
$ 2 4
g
“ s i
Eim
I|l
* ﬂ”'
i |
5 -n'i"‘L'-
AR
0 [ ] il'im'i’lrg\l-’ - — ——n - :
0 100 200 300 400 500
D/Req
G

89



90

45 hr 610C, Channel 4

.

—m

I

—_——
- =g
- __E=3
—=
& .

OOV TNHON—O
Aouenbayy

180 200 250 300

D/Req

100

o

45 hr 610C, Channel 5

-
"/
ns¥

D
=g 2R
llﬂWl’llll

n

O o VW ¥ N O

Aouanboaiy

180 200 250 300

D/Req

100

@)

45 hr 610C, Channel 6

T NO OO NO

R o et

Aduanbayy

150 200 250 300
D/Req

100

50

(@)

A
Figure 17



45 hr 610C, Channel 1

2} [
> 1.5 M
O
c
% 1 L -8 L -
= 05
0
0 100 200 300 400 500
D/Req
E
45 hr 610C, Channel 2
51m
ol
%]
QC) 3 tmmm
§' 2 l“ll“l
g I
] asnsin-n-8 =-u L] L] -
ol
0 100 200 300 400 500 600
D/Req
E
45 hr 610C, Channel 3
QO+ m
8 4
> 4
g ot
g o1
4 1 mm
g5l
L [l
2 1 |usm
i
] srm mEE-Im L o
0
0 100 200 300 400 500 600
D/Req
D

Figure 17,continued

91



92

45 hr 610C, All Channels

NNEES 18

Aduanbaly

300 400 500 600
D/Req

200

100

Figure 17,continued



3 hr 650C, Mask N Channel 4

;. .
] L
&5
g 4 \
i J
T 2 M
1
0
50 100 150
D/Req
C

3 hr 650C, Mask N Channel 5

7
é.
5 51
g 4
g 37 z
T 2
.
| N
0
50 100 150
D/Req
B

Frequency
O — N w b O O

3 hr 650C, Mask N Channel 6

Figure 18




3 hr 650C, Mask N Channel 1

10
o B \j\ n
2 6 l/\
g \lll\/ll
8' 4 5/ mm
=4  §
T2 ik,
N | B 8
0
0 50 100 150 200
D/Req
F
3 hr 650C, Mask N Channel 2
14 1
12 1
S 10
6
g 4
2
oL
0 50 100 150 200
D/Req
E
3 hr 650C, Mask N Channel 3
6
5
>
g 4
g 3 \
g " T\}G
1
0
0 50 100 150 200
D/Req
D

Figure 18,continued

94



3 hr 650C, Mask L Channel 4

Figure 18,continued

4 B [ 1]
3.5
> 3 = | T |
2 25 \
g 2 [ ] ] H(EB| B
g1st 11\
0w 1 m EE W@ N IEE IEE-E
05
0
50 100 180 200
D/Req ‘
|
3 hr 650C, Mask L Channel 5
4 '
3.5
> 3 "
g 25
S 2 5 mEnm BE
o \
LQ:’ L?- II/BII\S/\I l/\l E-IB  IE-B-E-B
0.5
0
50 100 180 200
D/Req
H
3 hr 650C, Mask L Channel 6
4 1 =
351
> 31 m| =
g 25
g 2 miEREE ® | I |
g 15
[ 1 ESIBIUCE um m-na
0.5
0
50 100 180 200
D/Req
G

95



Frequency

25

20

[6))]

)

3 hr 650C, All Channels

Figure 18,continued

96



6 hr 650C, Mask N Channel 4

Figure 19

7 =
6 :
|
o5 :
8 4 B |z
Nk
e 2 ) \/ll
ITER/VAN
1 ImiE B EE N a
0
0 50 100 150 200 250 300
D/Req
C
6 hr 650C, Mask N Channel 5
o1
5
>
% 4
> 3
g 2 l&
L
1 00
0
0 50 100 150 200 250 300
" D/Req
B
6 hr 650C, Mask N Channel 6
7 =
6 4
o5
3
z, :
: ]
0
0 50 100 150 200 250 300
D/Req
A

97



98

6 hr 650C, Mask N Channel 1

B—B-l5—38

1o
o

Aduanbayy

¢

300 500 700
D/Req

100

-100

6 hr 650C, Mask N Channel 2

TN~
™ o~

Adusnbayy

300 400 500
D/Req

200

100

6 hr 650C, Mask N Channel 3

O N T O N — O

Aduanbayy

180 200 250 300

D/Req

100

D

Figure 19,continued



99

6 hr 650C, Mask L Channel 4

~N O TON~—O

Aduanbayy

150 200 250 300
D/Req

100

50

(@)

6 hr 650C, Mask L Channel 5

O W0 T O N — O

Aduanbayy

180 200 250 300

D/Req

50

6 hr 650C, Mask L Channel 6

Adusnbayy

180 200 250 300

D/Req

50

G

Figure 19,continued



Frequency

25

20

(63}

(@)

6 hr 650C, All Channels

IE
J
- d =
| [} N
|I Blis8—E—EEB-E IE—8
1
T T

D/Req

Figure 19,continued

100



101

12e0l-026 48X

wldog

0z @by

9




102

22201-026 94X

panuyuod

o)

0

0z 2inbiy




103

£2201-026 99X

panuyuoo‘gz einbiy

e



104

¥2201-026 aax

12 @inbi4




105

Geeol-0c6 d9x

penujjucd‘iz anbiy




<
92201-0¢6 daX

m

106

penuyuod‘ig @inbld




L220}-0c6 ddXx

Zz @by




108

8¢201-0¢6 gdX

panuyuoo‘zz anbiy

... - . . - : . B

T
L

e
.

S




109

6¢c01-0¢6 dgX

panuyuooze 21nbid

i




110

| Figure 23 "

40pm

XBB 920-10230



111




40 pm

Figure 25

XBB 920-10232



113

Figure 26
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Figure 27,continued
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Figure 28
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Figure 29
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Figure 30
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Figure 30,continued
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Figure 32
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Figure 33
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